We here identify by ab initio calculations two distinct three-dimensional three-connected (3D3C) chiral framework structures of carbon in R 3m and I4 1 /amd symmetry, respectively, which comprise 3-fold and 4-fold helical chains with complementary chirality. The helical carbon chains are connected by an ethene-type planar p-conjugation, and the resulting structures contain a network of sp 2 carbon bonds with one-third being double bonds between the chains and two-thirds single bonds along the chains. Phonon and electronic band structure calculations show that these chiral carbene structures are dynamically stable and exhibit a large band gap (2.4 , 2.9 eV). This semiconducting nature reflects a key distinction from previously proposed metallic isomers of helical or zigzag carbon chains with twisted p states that are dynamically unstable. The present results solve the long-sought 3D3C all-sp 2 carbon structures and may help design other covalent bonding networks. C arbon exhibits an extremely rich variety of allotropic forms 1 that possess a wide range of properties with numerous applications in many areas of science and technology. Despite the existence of a large number of known carbon allotropes, the quest for new carbon structures has been a very active research field. The valence electrons of the carbon atom are capable of forming sp 3 -, sp 2 -and sp-hybridized states that support four basic types of single, double, triple, and aromatic carbon-carbon bonds, which are closely related to the bonding configurations in ethane, ethene, ethyne, and benzene-type hydrocarbon structures (see Fig. 1 for a comparative illustration). At ambient conditions, graphite, which is structurally related to polycyclic benzenoid aromatic hydrocarbon, is the most thermodynamically stable carbon configuration (see Fig. 2 ). The polycyclic carbon atoms form a two-dimensional three-connected (2D3C) benzenoid sp 2 bonding network with bond angles of 120u and bond lengths of 0.142 nm. Diamond, which is related to polycyclic saturated hydrocarbon, is the second most stable allotrope of carbon with all the carbon atoms in a methane-like tetrahedral sp 3 bonding with bond angles of 109.5u and bond lengths of 0.154 nm as in alkanes, forming a very rigid 3D4C carbon network. Interestingly, the simplest 1D2C sp-carbyne has a polyyne-like alternating single and triple carbon-carbon bonds rather than a cumulene structure 2 and it has been recently synthesized 3 despite its rather high energy of ,1 eV per atom above that of graphite.
C arbon exhibits an extremely rich variety of allotropic forms 1 that possess a wide range of properties with numerous applications in many areas of science and technology. Despite the existence of a large number of known carbon allotropes, the quest for new carbon structures has been a very active research field. The valence electrons of the carbon atom are capable of forming sp 3 -, sp 2 -and sp-hybridized states that support four basic types of single, double, triple, and aromatic carbon-carbon bonds, which are closely related to the bonding configurations in ethane, ethene, ethyne, and benzene-type hydrocarbon structures (see Fig. 1 for a comparative illustration). At ambient conditions, graphite, which is structurally related to polycyclic benzenoid aromatic hydrocarbon, is the most thermodynamically stable carbon configuration (see Fig. 2 ). The polycyclic carbon atoms form a two-dimensional three-connected (2D3C) benzenoid sp 2 bonding network with bond angles of 120u and bond lengths of 0.142 nm. Diamond, which is related to polycyclic saturated hydrocarbon, is the second most stable allotrope of carbon with all the carbon atoms in a methane-like tetrahedral sp 3 bonding with bond angles of 109.5u and bond lengths of 0.154 nm as in alkanes, forming a very rigid 3D4C carbon network. Interestingly, the simplest 1D2C sp-carbyne has a polyyne-like alternating single and triple carbon-carbon bonds rather than a cumulene structure 2 and it has been recently synthesized 3 despite its rather high energy of ,1 eV per atom above that of graphite.
Beside carbyne, graphite and diamond, several other forms of carbon also have been synthesized; these include 0D3C fullerenes 4 , 1D3C nanotubes 5 , 2D3C graphene 6 , and 3D4C cold-compressed graphite [7] [8] [9] [10] [11] [12] [13] and fullerene 14 . Conspicuously missing from this list of carbon structures is the long-sought 3D3C carbon in all-sp 2 networks. The first 3D3C carbon structure, the so-called polybenzene (PBz) [15] [16] [17] was proposed in 1946; it contains two intertwined polyphenylene helices 18 . Various other hypothetical carbon modifications 19 in all 3D3C network have also been proposed, including the metallic hexagonal H-6 carbon 20 , ThSi 2 -type tetragonal bct-4 carbon 21 , and SrSi 2 -type cubic K 4 carbon 22 . It has been shown, however, these hypothesized structures are dynamically unstable 23 . Finding stable 3D3C carbon framework structures remain hitherto an elusive goal that continues to attract considerable interest. A crucial task here is to understand the underlying mechanism responsible for the instability of previously proposed 3D3C carbon structures and, consequently, design new structures that avoid such pitfalls.
Here, we present the results of ab initio total-energy and phonon calculations [24] [25] [26] [27] [28] [29] ) symmetry with four 4-fold helical chains, which topologically corresponds to the 2D square lattice 31 . The bonding configuration and distribution in chiral carbene are distinct from those in carbyne, graphite and diamond, one-third of the bonds are double bonds between the chains and two-thirds are single bonds along the chains. Electronic band Energy (eV/atom) 12 structure calculations show that chiral carbene exhibits semiconducting character with a considerable band gap of 2.4 , 2.9 eV. This semiconducting nature reflects the favorable underlying bonding configuration in chiral carbene, which is its key distinction from previously proposed isomers that contain helical chains of same chirality (e.g., K 4 ) or zigzag chains (e.g., H-6 and bct-4), all of which have unmatched torsion angles that would reduce or cut the p-conjugation and produce metallic states in these structures. The complementary helical chain arrangement in chiral carbene allows effective strain release, thus enhancing the structural stability. This new design principle may also offer insights for constructing and understanding other covalent bonding networks.
Results
We first present the results on the structural configuration of the 3-fold chiral crystalline form of carbon. It has a 6-atom rhombohedral primitive unit cell (termed cR6 carbon or 3-fold carbene) in R 3m (D 5 3d ) symmetry with lattice parameters a 5 4.2442 Å and c 5 112.415u, occupying the 6h (0.5952, 0.000, 0.4048) position. In hexagonal representation, as shown in Fig. 3a , it has an 18-atom unit cell with equilibrium lattice parameters a 5 7.0544 Å and c 5 3.5817 Å , occupying the 18f (0.4054, 0.000, 0.000) position, comprising three left-handed (S) and three right-handed (R) helical chains, topologically corresponding to the 2D star lattice 30 . It is shown as an (8,3)-net structure. Each carbon chain has three neighboring chains of complementary chirality with 3-fold screw axes running parallel to the z-axis. The six helical chains bond together forming a closed C 12 armchair ring with alternating single and double carbon-carbon bonds, and two neighboring helical chains form a closed C 8 zigzag ring with two double bonds as in 1,5-cyclooctadiene. Thus, it contains two distinct bond lengths, a longer bond of 1.479 Å associated with the C(sp 2 )-C(sp 2 ) single bond along the chains and a shorter bond of 1.344 Å associated with the C(sp 2 )5 C(sp 2 ) double bond between the chains. There are also two different bond angles, 118.52u for C-C-C along the chain and 120.74u for C-C5C out of the chain. These bonding parameters on average are similar to those in graphite, but are closer to those in ethene and 1,3-butadiene molecules (see Fig. 1 ), thus cR6 is a 3-fold chiral carbene.
The matching complementary chirality of the neighboring chains in the cR6 carbon phase is crucial to its structural stability. To illustrate this point, we construct a similar 3-fold chiral crystalline structure that comprises 3-fold left-handed (S) helical chains in P6 2 22 (D 4 6 ) symmetry as shown in Fig. 3b . It has a 6-atom hexagonal unit cell (named cH6 hereafter) with lattice parameters a 5 3.8867 Å , and c 5 3.7591 Å , occupying the 6h (0.3975, 0.6025, 0.3333) position. Each chain in cH6 structure is surrounded by three chains of the same chirality with 3-fold screw axes running parallel to the z-axis. Six chains form a twist C 14 ring and two chains bond together tend to form a twisted C 8 ring with an unmatched torsion angle of 30u (Fig. 3b) , which weakens the double bond by elongating the bond length to 1.39 Å from 1.34 Å and increases the total energy of cH6 relative to that of cR6 (see Fig. 2) . The previously reported H-6 carbon 19 , a (10,3)-net structure, has the same P6 2 22 symmetry as in cH6, and it comprises three infinite planar zigzag chains in ABC stacking as shown in Fig. 3c . This structure contains a large unmatched torsion angle of 60u between the zigzag chains, which leads to an elongated bond length of 1.45 Å between the zigzag chains, and thus induces energetic instability (see Fig. 2 ). These results show that the isomers comprising 3-fold helical chains with the same chirality or planar zigzag chains with a torsion angle (twisted p-bonding) are less favorable than the chiral structure comprising helical chains of complementary chirality connected by ethene-type planar p-bonding.
The second chiral crystalline form of carbon identified in this work comprises 4-fold chains with complementary chirality in .65u along and out of the chains, respectively. These bonding data on average are similar to those in graphite, and close to those in ethene and 1,3-butadiene molecules (see Fig. 1 ), thus cT8 carbon is a 4-fold chiral carbene. We now examine the previously proposed K 4 and bct-4 carbon to identify the structural features that are unfavorable for their stability. The cubic K 4 carbon 22 in I4 1 32 (O 8 ) symmetry (Fig. 4b) has an eightatoms unit cell comprising two 4-fold helices with the same chirality running parallel with the three cubic axes. There is only one type of carbon-carbon bond with a bond length of 1.463 Å [close to 1.48 Å for C(sp 2 )-C(sp 2 ) single bond]. Meanwhile, there is a large unmatched torsion angle of 60u between the chains that eliminates all the p-conjugation, yielding an unstable structure with the highest energy among the 3D3C carbon nets (see Fig. 2 ). The metallic bct-4 carbon 21 has the same I4 1 /amd symmetry as that of cT8 carbon, and it comprises four infinite planar zigzag chains in ABab stacking as shown in Fig. 4c . There is a large unmatched torsion angle of 90u between the zigzag chains that cut the p-conjugation with an elongated bond length of 1.477 Å , leading to its less favorable energetic state compared to cT8 and graphite (see Fig. 2 ). Note that K 4 and bct-4 carbon share a similar (10,3)-net strcuture 32 with a four-atom primitive unit cell; K 4 can be converted into bct-4 with a lattice distortion 33 ; furthermore, bct-4 can be converted into a diamondlike network by contraction of the links between the zigzag chains as discussed by Batten and Robson 32 . These results suggest again that the 3D3C carbon networks comprising neighboring helices with complementary chirality are more favorable than those containing the same helical or zigzag chains.
As shown in Fig. 2 , both cR6 and cT8 chiral carbon allotropes are thermodynamically metastable compared to graphite, diamond and PBz, but more stable than the metallic K 4 , H-6, and bct-4 carbon. The differences in energy reflect the amount of misaligned 2p z orbitals in the three-connected net structure 19 . Graphite has all its 2p z orbitals perfectly aligned, leading to a strong p bonding interaction between neighboring carbon atoms, producing the most stable carbon crystal. Conversely, all the 2p z orbitals are misaligned in the K 4 carbon, making it the most unfavorable crystalline carbon form. Meanwhile, cR6 and cT8 have only one-third of their bonds with wellaligned 2p z orbitals via ethene-type bonding, making them less stable than PBz carbon, which has two-thirds of its bonds with well-aligned 2p z orbitals in benzene rings. It is interesting to note that although H-6 and bct-4 have two-thirds of their bonds with well-aligned 2p z orbitals along the zigzag chains, they are energetically less favorable than cR6 and cT8 because of the misalignment of the angles (60u in H-6 and 90u in bct-4) between the zigzag chains. The calculated equilibrium structural parameters, total energies, and bulk modulus for cH6, cR6 and cT8 under LDA and GGA are listed in Table I ; results for diamond and graphite are also presented and compared with available experimental data 34 . Since energetic calculations alone cannot establish the stability of a crystal structure 23 , phonon dispersion curves were calculated for both cR6 and cT8 carbon. The calculated results shown in Fig. 5a and 5b indicate that the highest phonon frequencies are 1682 cm 21 for cR6 carbon and 1694 cm 21 for cT8 carbon, respectively, which are close to the highest phonon frequency of 1610 cm 21 for graphite 35 . Throughout the entire Brillioun zone, no imaginary frequencies were observed, confirming dynamical stability of the new 3-fold cR6 and 4-fold cT8 chiral crystalline allotropes of carbon in the 3D3C all-sp 2 -bonding networks. For comparison, the phonon dispersion curves of cH6 carbon are also plotted in Fig. 5c , and in this case, there is a visible imaginary band along the K-C-M direction, indicating the dynamical instability of cH6 carbon, which is caused by the twisted p states between the helical chains as discussed above.
Finally, we discuss the electronic properties of the 3D3C all-sp 2 carbon allotropes. The electronic band structures were calculated using the hybrid functional (HSE06) 28 . As observed in PBz 16, 17 , both cR6 and cT8 carbene exhibit semiconducting character. The cR6 carbon has an indirect band gap of 2.93 eV (Fig. 5d) , and its valence band top is located along the M-L direction and the conduction band bottom is located along the K-C-M direction. The cT8 carbon has an indirect band gap of 2.44 eV (Fig. 5e) , and its valence band top is located along the P-X direction and the conduction band bottom is located along the X-C direction in the Brillioun zone. For comparison, the electronic band structures of cH6 are also shown in Fig. 5f . The twisted p states across the Fermi level result in metallic properties of the cH6 carbon, which is similar to the situation in K 4 22 , H-6 20 , and bct-4 21 carbon. These metallic characters are directly associated with the energetically unfavorable bonding configurations that involve either elongated bond lengths or twisted bond angles. This analysis suggests that such metallic all-sp 2 structures are unlikely to realize, in contrast to the chiral carbene structures proposed in the present work contain planar p-conjugated bonding that produces a large band-gap semiconducting state. Recently, a one-step, gas-phase, catalyst-free detonation of hydrocarbon (C 2 H 2 ) method was developed to produce gram quantities of pristine graphene nanosheets 36 . The detonation of C 2 H 2 was carried out in the presence of O 2 . It suggests that a possible way to synthesize the new forms of carbon reported in the present work is thermal decomposition or detonation of carbonaceous materials like ethyne, ethene, 1,3-butadiene, 1,5-cyclooctadiene, and tub-shaped 1,3,5,7-cyclooctatetraene molecules. It is also worth noting that although cR6 and cT8 carbon are thermodynamically metastable compared to graphite and diamond, they are kinetically stable at ambient conditions because of the high (,0.5 eV) reaction barriers, which are calculated using a generalized solid-state nudged elastic band method 9, 37, 38 .
Discussion
In summary, we have identified by ab initio calculations two new 3D3C chiral framework structures in all-sp 2 bonding networks. The first is a 3-fold chiral carbene with an 18-atom unit cell in R 3m (D ) symmetry. These structures contain only one kind of sp 2 -bonded carbon atoms connected by ethene-type planar p-conjugation between the chiral chains; they are dynamically stable, thermodynamically metastable compared to graphite and are semiconducting with a large indirect band gap. Our work identifies that structures with matching helical chains of complementary chirality with ethene-type planar p-conjugation are energetically more favorable than structures with helical chains of same chirality or Table I | Calculated equilibrium structural parameters (space group, volume V, lattice parameters a and c, bond lengths d C-C ), total energy E tot , bulk modulus B 0 , and electronic band gap E g for cT8 carbon, cR6 carbon, cH6 carbon, graphite, and diamond at zero pressure, compared to available experimental data 34 
Structure
Method zigzag chains with twisted p bonds. The present results offer insights for understanding the rich structural landscape of carbon, especially the 3D3C all-sp 2 carbon networks.
Methods
The calculations were carried out using the density functional theory as implemented in the Vienna ab initio simulation package (VASP) 24 . Both local density approximation (LDA) in the form of Ceperley-Alder 25 and generalized gradient approximation (GGA) developed by Perdew, Burke and Ernzerhof (PBE) 26 were adopted for the exchange-correlation potential. The all-electron projector augmented wave (PAW) method 27 was adopted with the 2s 2 2p 2 treated as valence electrons. A planewave basis set with an energy cutoff of 800 eV was used. Forces on the ions are calculated through the Hellmann-Feynman theorem allowing a full geometry optimization. Convergence criteria employed for both the electronic and the ionic relaxation were set to 10 28 eV and 0.01 eV/Å for energy and force, respectively. Electronic band structures are calculated using the hybrid functional (HSE06) 28 under LDA and GGA. Phonon dispersion curves are calculated using the package MedeA 29 with the forces calculated from VASP. To understand the kinetic stability of the new cR6 and cT8 carbon, the reaction barrier toward diamond and graphite are estimated using a generalized solid-state nudged elastic band method 9, 37, 38 with the cell and atomic position optimization.
